Orthotopic liver transplantation (OLT) offers the best chance for cure in the setting of unresectable hepatocellular carcinoma (HCC). A consensus statement recommends locoregional therapy (LRT) be considered in patients with HCC who are expected to wait more than 6 months for OLT to diminish dropout from the waiting list because of tumor progression. This article reviews LRT as a bridge
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Orthotopic liver transplantation (OLT) offers the best chance for cure in the setting of unresectable hepatocellular carcinoma (HCC). The Milan criteria (1 lesion ≤5 cm or 3 lesions all ≤3 cm without evidence of vascular invasion/metastasis) defined the upper limit of size/number of tumors that minimized the risk of posttransplant HCC recurrence. 1 The United Network for Organ Sharing (UNOS) adopted these as the selection criteria for granting a prioritization on the waiting list. Patients meeting the Milan criteria are given a Model of End-Stage Liver Disease (MELD) score of 22 points that increases every 3 months in conjunction with repeat imaging confirming that the tumor burden has not exceeded the Milan criteria. No randomized controlled trials (RCTs) have addressed the role of locoregional therapy (LRT) before OLT. A consensus statement for OLT for HCC recommends that LRT be considered in patients expected to wait more than 6 months to diminish dropout from the waiting list because of tumor progression. 2 Currently, no one form of LRT can be recommended over another. 2 This article reviews LRT as a bridge to OLT in patients with HCC.
Dropout
The risk of dropout at 1 year has been estimated to be 15% to 30%. 3 Factors associated with dropout include an α-fetoprotein (AFP) level greater than 200 ng/mL, tumor size greater than 3 cm or multifocal disease, longer than 6 months' wait time, and lack of response to therapy. [4] [5] [6] Patients with a single lesion greater than 3 cm or with 2 to 3 nodules have a reported cumulative dropout rate of 12% at 6 months and 56% at 12 months versus 0% at 6 months and 10% at 12 months in patients with a solitary lesion of 3 cm or less. 4 A retrospective study by Cucchetti et al 5 assessed the effectiveness of bridge therapy in preventing dropout and found that the 49% of candidates with a complete response to LRT had a significant reduction in dropout at 3, 6, and 12 months. Independent factors associated with dropout included higher MELD score, more advanced tumor stage at diagnosis, and lack of response to LRT. Given that LRT may decrease dropout through inhibiting tumor progression, a subset of patients with HCC may currently be overprioritized for OLT. 6 Mehta et al 7 showed that predictors of dropout or death included (1) 1 tumor of 3.1 to 5.0 cm, (2) the presence of 2 to 3 tumors, (3) lack of a complete response to the first LRT, and (4) high AFP level (>20 ng/mL) after the first LRT. 7 These patients had 1-and 2-year dropout rates of 21.6% and 26.5%, respectively, versus less than 2.0% at 1 and 2 years among patients with 1 tumor of 2 to 3 cm, a complete response after the first LRT, and an AFP level of 20 ng/mL or less after the first LRT. Whether those with a solitary HCC responding to LRT will receive less prioritization in the future is unclear.
Response to LRT and AFP Decline
Response to LRT may provide insight into the biological behavior of tumors and serve as a selection criterion for OLT. Otto et al 8 found that the lack of response to transarterial chemoembolization (TACE) was associated with posttransplant HCC recurrence regardless of Milan status. Other investigators have prioritized patients without evidence of response to LRT, regardless of tumor size/number, barring a lack of extrahepatic disease/vascular invasion or poorly differentiated HCC. Lack of response to LRT was an independent predictor of dropout regardless of tumor size. 9 Additionally, although no significant difference was seen in post-OLT overall survival (OS), the risk of post-OLT HCC recurrence was significantly higher in patients without response to LRT (13% vs 2%; P=.04). This suggests that OLT in those exceeding the Milan criteria should be restricted to those who demonstrate response to LRT to minimize the risk of post-OLT HCC recurrence.
Downstaging of AFP levels associated with LRT has been shown in various studies to have prognostic value in HCC. 10 Patients with higher AFP levels before OLT, independent of tumor size or number, have had poorer outcomes post-OLT. 11, 12 Merani et al 13 found that patients with AFP levels greater than 400 ng/mL at the time of listing had a significantly improved intention-to-treat (ITT) survival if the AFP level declined to less than 400 ng/mL before OLT compared with those whose levels did not decline. In fact, an AFP level of 400 ng/mL or less at the time of OLT was associated with an excellent 3-year OS rate post-OLT regardless of AFP at listing (78% for those with an AFP ≤400 ng/mL at listing and 89% for those with an AFP >400 ng/mL at listing), whereas an AFP level greater than 400 ng/mL at OLT was associated with a significantly lower OS (62% for those with an AFP ≤400 ng/mL at listing and 54% for those with an AFP >400 ng/mL at listing).
A prospective study divided AFP at the time of OLT into quartiles (up to 320 ng/mL). AFP level at the time of OLT was an independent predictor of post-OLT OS, with increasing mortality as the AFP quartile increased. 14 In patients with AFP levels less than 15 ng/mL, Milan criteria status did not impact OS; however, patients exceeding the University of California, San Francisco (UCSF) criteria had inferior OS despite an AFP level less than 15 ng/mL at the time of OLT. UCSF criteria is defined as either a solitary HCC measuring up to 6.5 cm in diameter or up to 3 lesions, each measuring less than 4.5 cm in diameter, with a total combined measurement of less than 8.0 cm. A decline in AFP level associated with LRT was associated with no increase in post-OLT mortality, but an increasing AFP level led to increased mortality. Taken in aggregate, these studies support the concept that AFP level at the time of OLT is an important determinant of post-OLT OS and should be considered in decisions regarding OLT candidacy in conjunction with radiographic findings.
Downstaging
The concept of downstaging refers to applying LRT to tumors outside of the Milan criteria to enable a surgical procedure that would otherwise be too risky or unfeasible, such as OLT or resection. The Milan criteria are used by UNOS to grant prioritization for OLT; however, some feel that the Milan criteria are too stringent and could be expanded without significantly compromising posttransplant results. Several publications have reported mostly single-center experiences with downstaging (Table 1) . These reports are heterogeneous because of key issues, including the inclusion criteria of tumor size/number, AFP level, tumor grade, type of LRT used, criteria for response (ie, within Milan, degree of necrosis, decline in AFP/des-γ-carboxyprothrombin level), and whether a mandated observation period is required to determine success of downstaging procedure (3 vs 6 months). LRT may lead to necrosis with evidence of lack of enhancement on imaging, without leading to a significant decrease in the size of the targeted lesion. The modified RE-CIST criteria has been endorsed as the measure to assess tumor response. 15, 16 The rate of reported successful downstaging ranges from 40% to 90% with LRT.
The UCSF group initially reported excellent 4-year OS rates of 92% in patients who underwent OLT after successful downstaging to the Milan criteria, with no HCC recurrence posttransplant after a median of 25 months. 17 In an updated analysis of 122 patients entering a downstaging protocol, the authors found no significant difference among the 68 patients who were successfully downstaged and underwent OLT compared with those who were within the Milan criteria at the time of presentation (post-OLT 5-year OS rate: 80% vs 81%; P=not significant [NS]; 5-year recurrence-free survival rate: 91% vs 88%; P=NS, respectively). 18 Additionally no significant difference was seen in outcomes between the groups in an ITT analysis. Pretreatment AFP levels greater than 1000 ng/mL and receipt of more than 3 LRT sessions predicted failure to achieve successful downstaging. These data support downstaging as a plausible option for a subset of patients exceeding the Milan criteria; however, OLT should probably be restricted to those with treatment response.
Bridging Options for HCC
Treatment for HCC depends on the degree of underlying liver dysfunction and tumor burden. Therefore, any therapy for HCC should be performed with the intent to minimize the risk of hepatic decompensation, despite the perception of OLT as a rescue therapy. The Barcelona Clinic Liver Cancer Staging classification (BCLC) takes into account tumor characteristics, liver function, and performance status, and pairs each stage with a recommended treatment modality; however, in clinical practice, adherence to the BCLC is not absolute and treatment decisions are individualized.
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Ablative Therapy
Percutaneous ethanol injection (PEI) was the original LRT first used in the 1980s to safely and effectively treat small HCC. PEI has largely been replaced by thermal ablation (radiofrequency and microwave ablation) because of the need for fewer treatment sessions, superior local tumor control, and higher OS rates in meta-analyses. 20, 21 Electric current induces thermal injury with temperatures of 80°C to 100°C, leading to coagulative necrosis. Radiofrequency ablation (RFA) can be performed via the percutaneous, laparoscopic, or thoracoscopic-transdiaphragmatic route, or through open laparotomy.
Because percutaneous RFA can lead to incomplete tumor destruction in up to 20% of cases, it is crucial to perform overlapping zone partitioning and early follow-up imaging to investigate for viable tumor, and, if present, to repeat therapy or administer an additional form of LRT. Various considerations regarding tumor size, number, and location are required ( Table 2 ). The size of the target lesion is the best predictor of complete necrosis: lesions less than 2.5 cm lead to complete necrosis in up to 90% of cases; however, lesions exceeding 5 cm result in complete necrosis in less than 50%. In one study, RFA before OLT was an effective bridge to OLT in 15 of 23 transplant candidates, with a 3-year survival rate of 85%; 2 patients experienced disease recurrence but were noted to have microvascular invasion on explant. 22 Unfortunately, the dropout rate in this series was 21% over a mean waiting period of 7.9 months. No RCTs have evaluated RFA before OLT. However, several groups have described RFA before OLT. Mazzaferro et al 23 prospectively treated 50 patients with HCC within the Milan criteria with a single session of RFA (percutaneous, laparoscopic, or open) and all patients were transplanted with a median waiting time of 9.5 months. A complete tumor response was found in 55% of explants (70% radiologic response). HCC recurrence was observed in 4% after a median follow-up of 22 months. Post-OLT OS was excellent, with 1-and 3-year OS rates of 95% and 85%, respectively. A tumor size greater than 3 cm and time from treatment to OLT greater than 1 year were predictors of incomplete ablation with evidence of lo- cal recurrence. In another report, 52 patients listed for OLT, 10 of whom exceeded the Milan criteria, were treated with percutaneous RFA. 24 After a mean waiting time of 12.7 months, 41 patients underwent OLT and 5.8% dropped out because of tumor progression; 1-and 3-year survival rates post-OLT were 85% and 76%, respectively, with no reported HCC recurrence. Finally, a retrospective cohort study of patients with HCC listed for OLT who received RFA versus no LRT found that those who received RFA had a longer wait time to OLT (9.5 vs 5.0 months). However, no significant difference was seen in dropout rate or post-OLT outcomes after controlling for waiting time. HCC characteristics, and not receipt of RFA, predicted patient outcome
Transarterial Chemoembolization
TACE is the most common treatment used to bridge patients to OLT. 25 TACE involves the injection of chemotherapy-typically doxorubicin, cisplatin, and/ or mitomycin C, emulsified in lipiodol, which serves as the delivery agent-into the hepatic artery supplying the targeted tumor, followed by particles to induce arterial stasis, leading to hypoxemia-induced tumor necrosis. 26 Drug-eluting beads (DEB) provide an improvement over conventional TACE, with enhanced drug delivery to tumor, higher tumor retention of doxorubicin, and decreased systemic toxicity. 27 The beads are embedded with doxorubicin and also serve as the embolizing agent. The other advantage of DEB is that they offer more of a standardization compared with conventional TACE; each vial of DEB contains 50 to 75 mg of doxorubicin. For tumors within and exceeding the Milan criteria, 1 and 2 vials of DEB are recommended, respectively. 28 A consensus statement has suggested that larger tumors should be treated with 2 treatment sessions. 29 When comparing the extent of tumor necrosis in explanted livers, a retrospective analysis of 16 patients who underwent either bland embolization or TACE with DEB reported that complete necrosis occurred in 77.0% of lesions treated with TACE with DEB compared with 27.2% treated with bland embolization, showing a significantly better response with DEB. 29 Another retrospective analysis of pre-OLT conventional TACE versus DEB-TACE found a trend toward higher response rates, specifically a necrosis rate of 90% or greater (44.7% vs 32.0%; P=.2834), and a higher 3-year recurrence-free survival in patients treated with DEB-TACE compared with those treated with conventional TACE (87.4% vs 61.5%; P=.0493). 30 Unfortunately, more than 50% of patients undergoing TACE develop symptoms of postembolization syndrome, consisting of abdominal pain, fever, nausea, and vomiting. In patients with significant liver dysfunction (Child-Pugh class C) or compromised blood flow in the portal vein, such as from thrombosis, hepatofugal flow, or the presence of a transjugular intrahepatic portosystemic shunt, TACE can cause severe ischemic hepatitis.
In terms of TACE used as a bridging therapy, no prospective RCTs have confirming its efficacy in reducing dropout rates. Conflicting results have been published. Graziadei et al 31 reported a 5-year ITT survival rate of 94% in 48 patients who received TACE as a bridging therapy before transplant, with a recurrence rate after transplant of 2.4%. In contrast, Maddala et al 32 reported a 5-year survival rate of 61%; however, only a minority of patients had HCC exceeding Milan criteria. Excellent post-OLT outcomes have been reported among patients treated with TACE who showed a radiographic response. 8 In contrast, those experiencing minimal progression despite TACE had a significantly lower 5-year recurrence-free survival rate (28% vs 93%). 8 Several studies have examined the ability of TACE to serve as a downstaging tool before transplant. 8, 31, 33, 34 When assessing response to therapy, the size of viable tumor (residual arterial enhancement) should be measured. Overall, the results, excluding those from early experience, have been encouraging.
Algorithms to determine suitability for repeat TACE were recently proposed. 35 The hope is that these will aid in proper selection. A laparoscopic approach can be considered for lesions adjacent to other organs (eg, heart, colon, gallbladder, and stomach, or in locations such as the subcapsular, subdiaphragmatic regions).
Transarterial Radioembolization
Radioembolization is another form of intra-arterial therapy. Microspheres coated with yttrium-90 (Y90) are injected into the hepatic artery. Because of their small size (25-30 mcg), they become preferentially trapped in the tumor capillary bed, allowing a high dose of Y90 radiation to be delivered to the tumor and rendering a greater tumoricidal effect while minimizing effects on the surrounding nontumorous tissue. 36 A pretreatment staging angiogram is performed to determine whether coil embolization of aberrant vessels is required to prevent inadvertent delivery of microspheres to nontarget tissues. A technetium-99 macroaggregated albumin scan determines the degree of gastrointestinal and pulmonary shunting. The median time to see evidence of necrosis is 1.2 months, but the median time to see a decrease in size of the tumor is 6.6 months.
A particular area of interest with transarterial radioembolization (TARE) has been its role in downstaging HCC from T3 to T2 (to meet the Milan criteria). In a retrospective analysis, TARE was significantly more likely to lead to downstaging to T2 compared with TACE (58% vs 31%; P=.023). 37 Furthermore, TARE was associated with a significant decrease in disease progression at 1 year compared with TACE (15% vs 32%; P<.05). Because waiting times for OLT have continued to increase despite the HCC MELD upgrade, this finding is of particular interest. However, because this study was not a headto-head comparison of TACE and TARE, additional studies are needed to confirm these results.
With the increasing clinical experience with TARE, unexpected observations have been made, including the concept of radiation segmentectomy (≤2 segments). Excellent outcomes with a median OS of 53.4 months in solitary lesions less than 5 cm not amenable to RFA have been reported with TARE. These results also challenge the concept that lesions for which RFA is technically feasible may have similar results with TARE. 38 No published RCT has compared Y90 radiation with other LRT or systemic therapy. Retrospective analyses have found no significant difference in OS between TACE and TARE. 39, 40 TARE was associated with significantly shorter hospitalization, fewer treatment sessions, longer time to progression, and less abdominal pain, but a greater degree of fatigue. Quality of life was significantly better in TARE compared with TACE in prospective study. 41 Ongoing RCTs, including STOP-HCC (ClinicalTrials. gov identifier: NCT01556490), are addressing the safety and efficacy of sorafenib with or without Y90 versus sorafenib alone.
Abbreviations: DEB, drug-eluting beads; HCV, hepatitis C virus; OS, overall survival; TACE, transarterial chemoembolization; TTP, time to progression. .072
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Sorafenib
Sorafenib, the only approved systemic therapy for HCC, has been shown to significantly improve OS in patients with Child-Pugh class A advanced disease compared with placebo. 42 More recently, systemic therapy in combination with LRT was evaluated in patients with intermediate-stage HCC. The rationale for combining systemic therapy with LRT is to blunt the angiogenic surge associated with hypoxemia. To date, 3 RCTs have been conducted with mixed results (Table 3) . 43, 44 Data on the use of sorafenib as a bridge to OLT are limited. A Markov model found sorafenib to be cost-effective compared with no therapy in patients with an anticipated wait time to OLT of less than 6 months. 45 A pilot RCT (n=20) of TARE-Y90 with or without sorafenib as a bridge to OLT in patients with HCC found that adding sorafenib did not augment radiologic or pathologic response to Y90 therapy. 46 Findings also supported the data reported elsewhere of increased acute rejection and biliary complications within 30 days after OLT in patients taking sorafenib. 47 This finding is in contrast to that of a retrospective analysis, which reported no increase in complications posttransplant but confirmed no difference in OS or HCC recurrence risk. 48 Limited data support the role of combination therapy in the pretransplant setting.
Conclusions
Although prospective data comparing the efficacy of different forms of LRT are limited, LRT provides a safe and effective means to bridge patients with HCC to liver transplant. Furthermore, response to LRT may provide insight into the biological behavior of tumors and serve as a selection criterion for OLT. LRT can also successfully downstage tumors and allow for successful OLT. Currently, no one form of LRT can be recommended over another. Further prospective trials are needed.
